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Nobody realizes that some people expend tremendous en-
ergy merely to be normal. — Albert Camus

Abstract

Rule-based optimizers are extensible because they consist of mod-
ifiable sets of rules. For modification to be straightforward, rules
must be easily reasoned about (i.e., understood and verified). At the
same time, rules must be expressive and efficient (to fire) for rule-
based optimizers to be practical. Production-style rules (as in [15])
are expressed with code and are hard to reason about. Pure rewrite
rules (as in [1]) lack code, but cannot atomically express complex
transformations (e.g., normalizations). Some systems allow rules
to be grouped, but sacrifice efficiency by providing limited control
over their firing. Therefore, none of these approaches succeeds in
making rules expressive, efficient and understandable.

We propose a language (COKO) for expressing an alternative
form of input to a rule-based optimizer. A COKO transformation
consists of a set of declarative (KOLA) rewrite rules and a (firing)
algorithm that specifies their firing. It is straightforward to rea-
son about COKO transformations because all query modification is
expressed with declarative rewrite rules. Firing is specified algo-
rithmically with an expressive language that provides direct con-
trol over how query representations are traversed, and under what
conditions rules are fired. Therefore, COKO achieves a delicate
balance of understandability, efficiency and expressivity.

1 introduction

Rule-based optimizers express query rewrites with rules. Rule-
based optimizers are extensible because an optimizer’s behavior
can be modified by changing its rule set. But this is difficult unless
rules are straightforward to understand and reason about. There-
fore, extensibility is best achieved by expressing rules declara-
tively, rather than with code. (e.g., with rewrite rules).

In [5], we showed that the choice of query representation deter-
mines the effectiveness with which rewrite rules can express query
rewrites. Rewrite rules use pairs of patterns to specify rewrites
that identify and rearrange subexpressions. Variable-based query
representations (i.e., representations formed from the parse struc-
ture of a query language or algebra with variables) complicate both
identification and rearrangement. The problem is that their subex-
pressions can include free variables, which makes their meaning
context-dependent. Code supplements to rewrite rules are required
to analyze context when identifying subexpressions, and to mas-
sage identified subexpressions so that their meaning is preserved
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when they are rearranged. By removing variables from a query’s
representation (and instead using a combinator-based query repre-
sentation such as KOLA), the need for these code supplements is
eliminated.

But our KOLA work only tells part of the story about why query
rewrites sometimes get expressed with code. Rewrite rules are in-
herently “small” in their operation. They are well-suited for ex-
pressing simple rewrites, such as ones that change the order of ar-
guments to a join or push selections past joins. But some query
rewrites are too complex to be expressed with rewrite rules, regard-
less of the underlying query representation. For example, a rewrite
to convert Boolean expressions to conjunctive normal form (CNF)
cannot be expressed with a rewrite rule because patterns are too
constraining to capture its generality. (All boolean expressions can
be transformed into CNF.) Instead, {hiS rewrite is more appropri-
ately described algorithmically.

The CNF rewrite is a normalization: a query rewrite that con-
verts expressions into syntactically characterizable (i.e., normal)
forms. Normalizations epitomize the kinds of complex query rewrites
that cannot be expressed as rewrite rules. In this paper, we propose
a language (COKO?) for specifying complex query rewrites such
as these. Such rewrites require expression with code, but our ob-
jective is to limit where code appears so that complex rewrites can
still be understood and reasoned about. A COKO transformation
consists of a set of KOLA rewrite rules accompanied by a firing al-
gorithm that specifies their firing. All query modification occurs by
firing rewrite rules. Code can only be used in the firing algorithm
and is limited to specifying how to traverse a query’s representation
and conditions for firing rules. The separation of rewrite rules from
firing algorithms achieves a balance of understandability, expres-
sivity and performance. A COKO transformation is understand-
able; it can be decomposed into its rewrite rules and even shown to
preserve the semantics of the queries it transforms by proving the
same property of these rules. As we showed in [5], this can be done
with help from a theorem prover [10]. At the same time, COKO fir-
ing algorithms make transformations capable of expressing a wide
variety of efficient query rewrites, as we later show.

This work generalizes and extends our KOLA work. COKO
transformations behave like rewrite rules; they can be fired and can
succeed or fail as a result. Therefore, the set of “rules” maintained
by a rule-based optimizer can include KOLA rules (to express basic
rewrites such as those that commute the arguments to a join) and
COKO transformations (to express complex rewrites such as nor-
malizations). At the same time, COKO transformations are built
from KOLA rules. The modular approach of expressing complex
transformations in terms of simpler rewrite rules simplifies reason-
ing about the meanings of transformations, just as expressing com-
plex KOLA queries in terms of simpler functions simplified rea-
soning about the meanings of queries.

1.1 Related Work

Expressing Complex Query Rewrites with Code: In most
rule-based systems, complex query rewrites are expressed with rules.

1COKO is an acronym for [Clontrol [O]f [KJOLA [O)ptimizations.



However, the rules of these systems are not declarative rewrite
rules. Starburst [15] performs query rewrites during the query rewrit-
ing phase of optimization, firing production rules as in expert sys-
tems. These rules consist of two code routines (loosely correspond-
ing to the lhs (left-hand side) and rhs (right-hand side) of a rewrite
rule) programmed in C. Because they are programmed with a gen-
eral purpose programming language, Starburst rules are able to ex-
press a wide variety of transformations including view merging and
query unnesting (both discussed in [15]) and magic sets transfor-
mations ([14}). However, Starburst rules are difficult to understand
and reason about, requiring a detailed understanding of the under-
lying graph-based query representation (QGM).

Expressing Complex Query Rewrites with Extended Rewrite
Rules: Exodus [2] (and its successors, Volcano [9] and Cascades
[8]) and ESL [7] use rules that resemble rewrite rules, but that can

have code supplements. As with production rules, code-supplemented

rules are expressive, but at the expense of understandability.

Of the rewrite rule-based systems, Gral [1] comes closest to
ours in its effort to make rules declarative by avoiding code. Gral
expands the expressive power of a rewrite rule without adding code
supplements. Instead, Gral rules can have more than one pattern
appear in the rhs, with each pattern associated with a declarative
condition on the queried data. A query that matches the rule’s lhs
and satisfies the conditions associated with one of these patterns is
then transformed according to that pattern.

The conditions associated with a rule analyze the data that is
queried such as its representation, the existence of indices, cardi-
nality etc. Therefore, Gral rules are more expressive than tradi-
tional declarative rewrite rules because they rely on more than pat-
tern matching to decide whether or not a rule successfully fires.
However, this is not the kind of expressive power that is required
to express complex query rewrites such as normalizations. As we
shall see, normalizations require the ability to fire rules repeatedly
and to control the manner in which a query representation is tra-
versed. Such control is not provided with Gral rules and instead
must be expressed using the Gral meta-rule language as discussed
below.

Expressing Complex Query Rewrites with Rule Groups:
systems (e.g. [15], [1], {71, [13] [17]) provide some form of meta-
control language for rules that includes rule grouping and some-
times sequencing. Rule groups can be associated with search strate-
gies that indicate how the rules in a group should be fired. Search
strategies are generic (i.e., they do not refer to the rules in any one
rule group) and hence can be used with multiple rule groups.

It is tempting to view COKO as a meta-rule language in this
style, and to compare COKO transformations with rule groups and
firing algorithms with search strategies and sequencing control. But
this analogy is misleading, as the “rules” that are grouped by these
systems are more analagous to COKO transformations than KOLA
rules. The purpose of grouping in this context is different. Other
systems group to control search. Different rules generate different
alternatives, and a “best” is chosen according to some criteria that
considers the operators and data involved. Thus, whereas COKO
groups rules to cooperatively specify a query rewrite, other systems
group rules to “face-off” against one another.

The search strategies that are provided by these systems refiect
this objective. Most (e.g., [15], [1], [7]) include exhaustive search
(fire everything everywhere until firing no longer has any effect),
with the goal of generating all possible alternatives before com-
paring them. Some systems permit some variations on exhaustive
search (such as prioritizing rules [15] or limiting the number of
passes over the query in advance [7]). Other systems provide prun-
ing strategies so that only some alternatives are generated (e.g, [17]
provide such strategies as branch-and-bound and simulated anneal-
ing). Some systems try to avoid generating poor alternatives by
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ranking rules (e.g., [15], [13] and [2]) or algebraic operators (e.g.,
[1]) to choose a rule to apply next.

COKO groups KOLA rules, not to generate alternatives, but to
modularize the expression of a single complex query rewrite. There
is no search involved. Rewriting is blind to the data and is con-
cerned with the syntax of the result rather than its expected perfor-
mance. Therefore, firing algorithms operate differently from search
strategies. Of the search strategies listed above, only exhaustive
firing can work as a firing algorithm, but only in restricted cases
(rewrite rules must form a confluent set) and usually sacrificing
performance in the process. (Exhaustive firing typically fires more
rules than are needed to-perform a transformation. We will see an
example of this in the next section.) Firing algorithms needn’t be
generic nor exhaustive and instead can be customized to specific,
fixed sets of rules. This can speed up query rewriting and free up
more time for an optimizer to conduct its search.

1.2 Paper Qutline

The paper proceeds as follows. We introduce COKO in Section 2
with a simple normalization transformation that converts KOLA
predicates into CNF. We describe COKO fully in Section 3 and
present our implemented compiler. In Section 4, we demonstrate
the expressivity of COKO by showing a complex predicate normal-
ization that partitions subpredicates of binary predicates according
to the arguments they use. We then show that this transformation
can be used in within other COKO transformations including ones
that perform predicate pushdown and magic sets transformations.
In Section 5, we consider issues that arose during the design and
use of COKO. We give our conclusions and propose future work in
Section 6.

2 A Simple Example: Expressing CNF in COKO

In this section, we introduce COKO by presenting a transformation
that rewrites predicates into CNF. This example shows the poten-
tial performance benefits from being able to express customized
firing algorithms. We describe what CNF means for KOLA predi-
cates, and show a COKO transformation that rewrites predicates to
CNF, tracing its execution on a sample KOLA predicate. We then
compare this transformation with one that uses exhaustive firing
and show that the non-exhaustive version exhibits far better perfor-
mance.

2.1 Predicates and CNF

An SQL predicate is a boolean expression that appears in an SQL
query’s where or having clause. A predicate is in CNF if itis a
conjunct (AND} of disjuncts (OR) of (possibly negated (NOT)) liter-
als (i.e., predicates lacking conjuncts, disjuncts and negations). A
query rewrite to convert predicates into CNF is a necessary prepro-
cessing step to many other query rewrites such as one that changes
the order of selection predicates.

Figure 1a shows a predicate that could appear in an SQL query’s
where clause. This predicate assumes the existence of a base ta-
ble Emp (employees) with attributes Eno (employee number), Sal
(salary), Bon (bonus), Dno (department number) and Job, and a
view Dept (departments) with attributes Dno and ASal (average
salary).2 This predicate holds of an employee e and a department
d if e is highly paid or if e is a manager for d and e’s salary is more
than the average for d. Figure 1b shows an equivalent predicate that
has been normalized into CNFE.

2 A similar schema is used in papers from the Starburst group such as [14] and [18].



KOLA Semantics
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Figure 1: A Predicate (a) and its CNF Equivalent (b) f (?pei 'g g > 2 - ’:p ”({c ) ) (q ? z)
i (rla)y?2x = (p?=zx) OR {¢g?x)
~ ~(p)?2x = NOT (p?z)
2.2 KOLA and CNF -1 Pl iz, yl = p2 Ly
KOLA is the language of queries and rewrite rules assumed by Kp Ky, (b) : z f b R
COKO transformations. Because they are expressed with combina- Cp Cp(mx)?y = p2 [z y]

tors, KOLA queries can be difficult to read. But KOLA is intended
to be an internal query representation and not a query language
Translation into KOLA from user-friendly query languages such as
OQL is discussed elsewhere [3]. More comprehensive presenta-
tions of KOLA can be found in [5] and [4].

KOLA functions and predicates have no variables. They are ei-
ther predefined primitives (e.g., eq) or are constructed from other
functions and predicates with formers. To illustrate, the KOLA

predicate, Py = eq @ (Dno o 7;, Dno o r2) has the same seman-

Table 1: KOLA Function and Predicate Semantics

((Pk & Q & Rk) I Sk) ? (e, d]
(2)

((Pe | Sx) & (Qx | Sk) & (R« | Sk)) ? L€, d}
()]

tics as the SQL predicate, P. To see this, it is necessary to know the P. = eq® (Dno o 71, Dno o m3)

semantics of the primitives (eq, Dno, 71, 72) and formers (&, ( ), Q = gt (Sal om, AvgSal o m)

o) from which this predicate is built. The operational semantics of Re = eq® (Jobom, Ky (“Mgr”))

these and other primitives and formers are listed in Table 1. Func- S« = gt® (add o (Sal o 71, Bon o m), K (100K))

tions (f) are defined by equations that show the result of mvokmg
them on arbitrary objects (x) or object palrs ({z, ¥1)*. The invo-
cation of function f on object or value z is expressed as f ! z.
Predicates (p) are also defined by equations showing their invoca-
tion (p ? z). In this table and throughout this paper, we denote
arbitrary functions with variables f, g, h and j, predicates with p,
q, r and s, objects and values with z and y, and collections with A
and B.

Using the definitions of Table 1, the meaning of Py is revealed

Figure 2: KOLA Versions of Predicates of Figure 1

composition (o), function pairing ({ }), pairwise function applica-
tion (x), constant functions (Ky) and curried functions (C¢). Prim-
itive predicates include equality (eq), and ordering predicates <
as), > (gt), < (leq) and > (geq). KOLA’s predxcate formers i m-

clude predicate/function combination (®), predicate inverses (™ b,
constant predicates (Kp) and curried predicates (Cp). Binary func-

by invoking it on arbitrary employee, department pair ([e, d]), as tions and predicates (e.g., eq) are invoked on pairs ([ —, —]).
illustrated by the derivation that reduces P, ? [e, d] to P: The formers relevant to CNF are the logic-inspired formers,
— & —, — | —and ~ (_.). A KOLA predicate p is in CNF if for

(eq @ (Dno o my, Dno o m2)) ? [e, d]}

any argument z, p ? x reduces by the definitions of these form-

= eq ? ({Dno o 71, Dno o 72) ! [e, d]) (1) ers to an SQL predicate that is in CNF. That is, p is in CNF if it
= eq? [(Dnoom) ! [e,d], (Dno o) ! [e,d]] (2) is a conjunction (&) of disjunctions (|) of (possibly negated (~))
= eq ? [Dno ! e, Dno ! d] (3) literals. Thus, the predicate of Figure 2b is in CNF.

= eq ? [e.Dno, d.Dno] (4)

= e.Dno == d.Dno (5)

Step (1) of this reduction follows by the definition of @. Step (2)
follows by the definition of (__, _). Step (3) follows by the defini-
tions of . o _, and the projection primitives 7; and 72. Step (4)
follows from the definitions of attributes (in this case Dno). And
step (5) follows from the definition of eq. The reader is encour-
aged to use the definitions of Table 1 to verify that the KOLA pred-
icates Qx, Rx and Sy from Figure 2 also have the same meaning as
their SQL counterparts in Figure 1. From these derivations, it is
straightforward to show that the KOLA predicates of Figure 2a and
Figure 2b are equivalent to the SQL predicates of Figure 1a and 1b
respectively.
KOLA'’s primitive functions include identity (id), projection func-

tions on pairs (m and =), and schema-dependent attributes (<
att >) such as Dno. KOLA'’s general function formers include

3n-ary functions and predicates are modeled as unary functions and predicates that
are applied to potentially nested pairs. Nested pairs also allow us to translate relational
tuples of any length,

2.3 A CNF Query Rewrite Expressed in COKO

We begin by considering a simplified query rewrite that converts
any KOLA predicate lacking negations (subpredicates of the form,
~ (p)) into CNF. We first describe the rewrite rules and firing algo-
rithm that perform the rewrite, and then trace the firing algorithm
on the KOLA predicate of Figure 2a. We then show how this is
rewrite is specified in COKO.

2.3.1 An Overview of the CNF Firing Algorithm

The two rewrite rules required for this rewrite are listed below:

di: (p&q|r plr)&(a]x)

d2: r|(p&q) plr)&(qalx)
Each rule consists of two KOLA predicate patterns separated by the
rewrites to symbol “=" . p» q and r are pattern variables denoting

—
—
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Figure 3: Converting the Predicate of Figure 2a to CNF

arbitrary KOLA predicates. The effect of firing either rule is to
distribute a predicate (r) across a conjunction (p & q).

Rules are fired on parse tree representations of KOLA queries.
(Example KOLA parse trees are shown in Figure 3.) The firing al-
gorithm performs a single bottom-up pass over a KOLA predicate’s
parse tree. For each visited node, n:

1. Rules d1 and d?2 are fired on the subtree rooted at n. If both
rules fail (i.e., the Ihs patterns fail to match the subtree), the
firing algorithm proceeds to the next node.

2. If either rule succeeds, the subtree rooted at n gets trans-
formed to match the rhs of the successfully fired rule. Re-
gardless of which rule succeeds, the transformed subtree will
be of the form, P & Q. Top-down passes are then initiated
on both P and Q. These passes proceed as long as either d1
or d2 fire successfully on the subtrees rooted at visited nodes.

The effects of this rewrite on the KOLA predicate of Figure 2a
are illustrated in Figure 3. Figure 3a shows the parse tree repre-
sentation of this predicate before it is transformed. The bottom-up
pass visits the shaded nodes of the initial tree in the order indicated
beneath each. Attempts to fire d1 and d2 fail on the subtrees rooted
at every node except the root (node 7). Firing d1 on the root results
in the predicate tree of Figure 3b. Because d1 successfully fired, a
top-down pass is initiated on the two disjuncts produced from fir-
ing (the subtrees rooted by the shaded nodes of Figure 3b). Firing
d1 and d2 on the first of these subtrees fails, and therefore termi-
nates the top-down pass of this subtree. But d1 fires successfully
on the second subtree, producing the predicate tree of Figure 3c.
Again, successful firing initiates top-down passes of the two newly
constructed disjuncts. However, d1 and d2 fail to fire on both dis-
juncts, and the tree of Figure 3c is returned.

2.3.2 Expressing the CNF Rewrite in COKO

Figure 4 shows COKO transformations that rewrite KOLA predi-
cates to CNF using the algorithm and rules presented in the previ-
ous section. As noted earlier, a COKO transformation consists of a
set of rewrite rules and a firing algorithm. Rewrite rules are listed
with any auxiliary COKO transformations in the transformation’s
USES section. The firing algorithm is delimited by the keywords
BEGIN and END.

A COKO transformation can be fired (i.e., invoked) on any
KOLA parse tree, and may transform this tree as a result. In pre-
senting the CNF transformations of Figure 4, we will assume that
the “main” transformation CNF, has been fired on some KOLA
predicate, p via the invocation, CNF (p).

As a result of firing CNF, the statement, BU CNFAux, is exe-
cuted. This performs a bottom-up (and specifically, a preorder)
pass of p, firing CNFAux on every subtree of its parse tree. Let
n denote some node of p’s parse tree representation. Eventually,
CNFAux gets fired on the subtree rooted at n (hereafter just referred
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TRANSFORMATION
USES
CNFAux
BEGIN
BU CNFAux
END

TRANSFORMATION
USES
di:(p&q)|r
d2:r|{(p&q
BEGIN
{d1 || a2} —
{GIVEN p & q DO {CNFAux(p); CNFAux(q)}}
END

Figure 4: The CNF Transformation Expressed in COKO

(plr)&(qlr)
(plx)&(qfr)

to as n). The complex statement that is the firing algorithm for
CNFAux then gets executed on this tree, resulting in the following
steps:

e {d1 || a2} fires d1 on n, and then fires d2 on n if d1 fails.

o If either d1 or 42 successfully fired on n, n gets transformed
to a predicate of the form, P & Q. Then, the statement
{GIVEN p & q DO {CNFAux (p); CNFAux(q)}} identifies
P and Q by matching n with the pattern, p & q, and then
fires CNFAux recursively on the subtrees that get bound to
variables p and q.

e “—” connects the statements above. This makes the execu-
tion of the second statement conditional on the success of the
first. That is, CNFAux is fired recursively only if either d1 or
d2 successfully fire on n.

In short, CNF performs a bottom-up (BU) pass of p and fires the
auxiliary transformation, CNFAux, on the subtrees rooted at every
visited node. CNFAux fires rewrite rules d1 and d2 and if either
succeeds, initiates top-down passes on resulting subtrees.

This transformation exhibits the direct control of rule and trans-
formation firing supported in COKO. This includes:

Explicit Firing: Rewrite rules used within a transformation are
named (e.g., d1 and d2) and explicitly fired by the firing algorithm.

Traversal Control: Both bottom-up (in CNF) and top-down (in
CNFAux) passes can be performed in the course of rewriting predi-
cates into CNF.

Selective firing: CNFAux is fired recursively on the two disjuncts
that result from successful firings of either d1 or d2. CNFAux is not
fired on the conjunct resulting from these firings because both d1
and d2 can only succeed on trees rooted by “|”.

Conditional firing: Some firings are conditioned on the success
or failure of previous firings. For example, CNFAux fires d2 only if
d1 fails and CNFAux is only fired recursively if one of the rules d1
or d2 succeeds.

Control of rule firings makes it possible to express efficient
transformations. This is demonstrated in Section 2.5.

2.4 Correctness of CNF

Theorem 2.1 CNF preserves the semantics of all queries it trans-
forms



Proof: All query modification performed by CNF occurs as result
of firing CNFAux, which in tumn occurs as result of firing d1 and
d2. Therefore, CNF is semantics-preserving if both rewrite rules are
semantics-preserving. di and d2 are proved to be semantics pre-
serving by execution of the theorem prover scripts of Appendix A
using the theorem prover, LP {10]. D

Lemma 2.1 Let p be a KOLA predicate tree lacking negations, and
whose child subtrees are in CNF. Then CNFAux (p) is in CNF.

Proof: (By structural induction on the height, h(p) of the high-
est &-node in p.) For the base case (h(p) = 0) p must contain
no &-nodes and therefore is in CNF and is returned untouched by
CNFAux. For the inductive case, either p is already in CNF and is
returned untouched, or p is not in CNF and is a disjunction, Q@ | R
such that Q and R are in CNF and at least one of Q or R is a con-
junction (xo | x1). For the case where exactly one of Q and R is
a conjunction, assume w.l.o.g. that this is Q. Then, h(Q) is larger
than both h(zo) and h{z:1) because both xo and x, are children
of a &-node. Further, because R is in CNF it has no &-nodes and
therefore h(p) = h{Q). Firingdi on Q | Rreturns S & T such
that S = (zo | 7) and T = (z1 | r), and CNFAux is subsequently
called on S and T. But k(S) = h(zo) and h(T) = h(y1) and
therefore by induction, these firings result in trees that are in CNF.
Therefore, the tree retumned by CNFAux (p) is in CNF.

For the case where both Q (zo & z1)and R (yo & ¥1) are con-
junctions, h(p) is larger than h(zo), h(z1), h{yo) and h(yo) as all
of the latter subtrees are children of &-nodes. A call of CNFAux on
p fires d1 once, and 42 on each of the resulting disjuncts, leaving
(S1 & Sz) & (1 & T3) such that S = (zo | ¥o), S2 =(x1 | yo),
T = (zo | y1) and T2 = (zo | ¥1). CNFAux is fired on each of
S1, S2, T1 and T5 and by induction, each of these firings return a
predicate in CNF. Therefore, CNFAux (p) is in CNF. O

Theorem 2.2 Let p be any KOLA predicate lacking negations. Then
CNF (p) is in CNF.

Proof: Note that CNF (p) calls CNFAux on every node visited dur-
ing a bottom-up traversal of p. By Lemma 2.1, each call leaves a
subtree in CNF, and therefore p is left in CNF. O

2.5 Expressing CNF Exhaustively

CNF_BU (not shown) is an exhaustive, bottom-up version of the CNF
transformation. This transformation fires the same rules as CNF, but
with a firing algorithm consisting solely of the statement,

BU {di || d2} — CNF.BU.

CNF_TD is similarly defined to exhaustively apply rules d1 and d2,
but in a top-down (TD) fashion rather than bottom-up. Both BU and
TD statements succeed if the statement they fire succeeds on one
of the subtrees visited during the bottom-up or top-down traversal.
Therefore, BU {d1 || d2} fires d1 and (if it fails) d2 on the sub-
trees rooted at every node visited in a single bottom-up pass. Any
successful firing during this pass triggers a recursive firing of the
transformation making the transformation exhaustive. Note that it
is possible to express the CNF transformation exhaustively because
rules d1 and d2 happen to form a confluent set (i.e., changing the
order in which rules are fired or nodes are visited does not affect
the result).

Table 2 shows a performance comparison of CNF_TD, CNF_BU
and CNF. The transformations were compiled with our COKO com-
piler (described in Section 3.3) into C++ code which in turn was
compiled on Sparcstation 10’s using the Sun C++ compiler. For
each height class, the three transformations were run on the same
25 randomly generated queries. The average elapsed times for each
class of queries are shown.
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Height | CNF_TD | CNF_BU [ CNF
4 0.17 0.17 0.15
5 0.42 0.48 0.20
6 1.19 2.05 0.35
7 3.24 4.18 0.59
8 7.71 12.95 | 1.35

Table 2: Average Times (sec) for CNF_TD, CNF.BU and CNF

set | A = {z|z'e€ A}

sum ! A = Z xi (similarly for avg, count)
z, €A

max ! A =

ma.)fq z (similarly for min)

xg

Table 4: KOLA Query Primitives

CNF exhibits far better performance than both exhaustive trans-
formations. Intuitively, this is because CNF is discriminating in how
it fires rules:

o Successful firing of either d1 and d2 requires both exhaustive
transformations to perform additional passes over the entire
query tree. On the other hand, successful firing of either rule
requires CNF to perform passes over only selected parts of the
query tree.

e The exhaustive transformations require a complete pass of
failed rule firings in order to terminate. This pass is not re-
quired by transformation CNF.

The savings in rule firings is illustrated by considering how all
three transformations transform the KOLA predicate,

((Px & Qu & Ry) | Sk) ? [e, dl.

As shown before, CNF performs one complete and two partial passes
of this predicate’s representation. In all, CNF fires rules 20 times
with two firings succeeding. On the other hand, transformation
CNF_BU performs three complete passes for a total of 52 rule fir-
ings, with two succeeding. CNF_TD does a little better than CNF_BU,
requiring only two passes and 42 rule firings, again with two suc-
ceeding.

In this section, we introduced COKO with a practical yet sim-
ple example. The normalization of predicates into CNF is a neces-
sary preprocessing step for many useful rewrites such as ordering
the application of selection predicates. We showed a COKO trans-
formation (CNF) that performs this rewrite for predicates lacking
negations. (A transformation that also processes negations is not
much more complex and is presented in [4].) Because its rules
are confluent, CNF could also use an exhaustive firing algorithm as
it likely would be in other systems that provide rule grouping. But
exhaustive firing is an inefficient means of performing this transfor-
mation. Therefore, this example demonstrates the potential benefits
from using customized firing algorithms to express complex query
rewrites.

3 COKO-KOLA

COKO transformations are expressed with sets of rewrite rules and
firing algorithms that control their firing. In this section, we review
KOLA queries (Section 3.1), present COKO (Section 3.2) and the
COKO compiler (Section 3.3).

3.1 Rewrite Rules and KOLA Queries

KOLA primitives and formers can not only express functions and
predicates over simple objects and values but also functions and



iterate (p, f) ! A
join (p, f) ! [A, B]
njoin (p, f, g) ! [A, B]

I

{(f 1 o)t €A, p>? T}
{(f ' [z, y)) |z € A, ¥ € B,p ? Iz, yl}
{1z, f ' {g ' W)Y € B,p? [z, y1}] |z € A}

Table 3: KOLA Query Formers

predicates over collections (i.e., query functions and predicates).
Table 3 gives the semantics of the KOLA query operators used in
this paper. [5] and [4] provide more comprehensive descriptions of
KOLA. Of these, the latter is more up-to-date. Since [5], we have
defined KOLA over multisets and not just sets, so as to be able to
capture the semantics of OQL and SQL.

KOLA collections are (finite) muitisets and sets. Sets are spe-
cial cases of multisets whose element counts are 0 or 1, and there-
fore can be substituted for multisets whenever multisets are ex-
pected. We use set comprehensions to denote sets, and the fol-
lowing notation in discussing multisets:

e “z* € A” (for i > 0) indicates that there are exactly ¢ copies
of z in the multiset, A.

o “Yf(2)?D|z* € A, p(z)}” denotes a multiset that is formed
by inserting g(2) copies of f(z) for every x that satisfies p
and that has 7 copies in A. More precisely, for any element v

and k > 0, v* € {f(2)*? |z* € A, p(z)} iff

> 9(d).

z€A,p(x),f(x) == v

k=

Tables 3 and 4 show the KOLA query primitives and formers
used in this paper. Table 4 shows primitives to remove duplicates
(set) and aggregate (avg, max, min, count and sum). Table 3
shows formers iterate (based on SQL’s select ... from...where
construct), join, and njoin (short for nested join and based on SQL’s
group by). The meanings of KOLA queries can be derived in the
same manner as basic predicates and functions using the definitions
of these tables. To illustrate, below we trace the meaning of the
KOLA query of Figure 5b by showing the meanings of (1) Emp’,
(2) Depty and (3) the query as a whole.

1. By the definition of iterate, iterate (K, (T), Dno) ! Emp re-
duces to o
Emp’ = {(e.Dno)* | &* € Emp}

and therefore is the result of projecting Dno on Emp.

2. By the definition of njoin, Depty reduces to

{ldno, avg ! {(e.Sal)’ |&’ € Emp, dno == e.Dno}] | dno’ € Emp'}

which pairs department numbers of employees in Emp with the
average salaries of employees in those departments. (Therefore,
Depty has the same semantics as Dept, except that resulting fields
are not named.)

3. The join of Emp and Depty reduces to

{(e.Eno)* | ¢* € Emp, [dno, asall? € Depts,
(P, & Qy & Ry) ? [e, [dno, asalll}

The reader can verify that this expression also describes the seman-
tics of the SQL query of Figure 5a by reducing

P, ? [e, ldno, asal]] to eDno == dno,
Q: ? le, [dno, asall]l to e.Sal > asal and
Ry ? (e, [dno, asal]l] to e.Job == “Mgr’.
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3.2 Firing Algorithms and COKO

The semantics of statements that appear in COKO transformation
firing algorithms have two parts:

o their operation (what they do when executed), and
o their success value (what they return as a result of execution).

Success values are truth values that indicate if a statement succeeds
when invoked. For example, invoked rules return success values of
true if their 1hs match the expressions on which they are fired.

Below we present COKO’s statements, categorizing them by
the kinds of firing control they provide. Each is presented with its
operation and success value semantics. For the purposes of discus-
sion, we assume that statements are contained in some transforma-
tion that has been fired on some KOLA query tree, p.

3.2.1 Explicit Firing

Rules and transformations declared in the USES section of a trans-
formation can be fired as if they were procedures invoked in a pro-
gramming language such as C. Rules and transformations can be
fired on subtrees of p named by pattern variables (see Section 3.2.3)
or can be fired on p directly in which case, no argument needs to
be named in the call. As well, rules that use the same pattern vari-
ables in their heads and their bodies can be fired inversely. For
example, d1 of Figure 4 could be fired inversely (d1INV) to fac-
tor a common subexpression (x) from a conjunction of disjuncts.
Rule (and inverse rule) invocations return true as their success val-
ues if they successfully fire. Transformation invocations succeed if
the complex statements which are their main bodies succeed (see
Section 3.2.4).

3.2.2 Traversal Control

Query trees can be traversed in bottom-up (postorder) or top-down
(preorder) fashion. For any statement S, “BU 5™ performs a bottom-
up pass of p executing S on every subtree. (Analagously, “TD S”
executes S on every subtree during a top-down pass of p.) Both
traversal statements return a success value of true if S succeeds
when fired on some subtree visited during the traversal. Whereas
“TD S” and “BU S” execute S on every subtree rooted by a node
visited during a pass over p, “REPEAT S” fires S repeatedly on p
until S no longer succeeds.

3.2.3 Selective Firing

Rules and transformations need not be fired on p and can instead
be fired on isolated subtrees of p. These subtrees are identified by
matching patterns to query trees using COKO’s GIVEN statement.
A pattern is half of a rewrite rule. It resembles a KOLA expression,
but can include pattern variables and “don’t care variables” (“*_":
as in Prolog) that get bound by matching. By naming variables as
arguments in subsequent rule or transformation firings, the subtrees
bound to these variables are selectively transformed.

The COKO matching statement, GIVEN, identifies patterns with
variables, producing environments for use in subsequent statements.
A GIVEN statement has the form,

GIVEN egni,...,eqn, DO S.



select e.Eno
from Emp e, Dept d
where P AND Q AND R

join (P; & Qi & Ry, Eno o m;)
[Emp, Depty]

Dept (Dno, ASal) =

select Dno, AVG (Sal) DeP™x =

from Emp " \
group by Dno [iterate (K, (T), Dno) ! Emp, Emp]
P =e.Dno == d.Dno P, =eq ® (Dno o m, m © m2)
Q =eSal d.ASal Q; =gt ® (Sal o m, T2 © 7"2)
R =eJob == “Mgr” Re=eq @ (Job o 71, Ky (“Mgr”))
(a) b)

Figure 5: An SQL Join Query (a) and Its KOLA Equivalent (b)

such that S is any COKO statement, and each “equation”, eqn;
is of the form, “<variable; > = <pattern; >" (or just pattern;
if this pattern is to be matched with all of p). The processing of
eqn; rtesults in an attempted match of pattern; with the tree previ-
ously bound to variable;. Successful matching adds the variables
appearing in pattern; (and the subtrees that they match with) to an
environment that is then visible to equations appearing after eqn;
and S. The success value for the entire GIVEN statement is true if
all n equations successfully match and S succeeds.

3.2.4 Conditional Firing

One can condition the execution of a COKO statement, S’ on the
result of a previous statement, S in three ways:

o S — S executes S and then executes S’ if S succeeds. This
statement succeeds if S succeeds.

e S| &' executes S and then executes S’ if S fails. This state-
ment succeeds if S or S’ succeed.

e S ; 8 executes S and then executes S’. This statement suc-
ceeds if either S or S’ succeed.

““

“—” is right-associative. “|” and “;” are left-associative. One can
override default associativities using braces ({}).

3.3 The COKO Compiler

We have implemented a compiler for COKO ([12]) that generates
C++ classes from COKO transformations. Objects of these gen-
erated classes manipulate KOLA trees according to the firing al-
gorithm of the compiled COKO transformation. The compiler has
an object-oriented design. Every COKO statement is implemented
with its own C++ class. Each of these classes is a subclass of the
virtual class, Statement, and is obligated to define a method exec
which takes an environment of variable-to-KOLA tree bindings as
input and produces a transformed version of this environment as
output. These environments include entries for the trees on which
each statement is executed.

The compilation of a COKO transformation generates a new
subclass of Statement, complete with an implementation of an
exec method. The exec method definition for a compiled trans-
formation simply constructs a tree of COKO Statement objects
corresponding to the parse structure of the COKO code, and then
invokes exec on the root. Thus, the definition of a new COKO
transformation extends the language, even at the level of its imple-
mentation.

4 Another Normalization: “Separated Normal Form”

In this section we describe a novel normalization and show its ex-
pression in COKO. The normalization is of binary predicates, (in
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p AND o AND T such that

(R OR S)

Qv

((P OR s) AND (Q OR S))
(a)

Bouon
=
&

njoin (eq & (w1, Dno o m2), Sal, avg) !

(ox ® ™) & (ok D m2) & T such that

pe = (R | 5)
or = Kp (T)
T = ((Px | (S2c @ 1)) & (Q | (S2c ® m1)))
R2, = eq® ({id, Ky (“Mgr”)) o Job)
s2, = gt ({id, Ky (100K)) o add o (Sal, Bon))
()
Figure 6: The SQL/KOLA Predicates of Figs 1 (a) and 2 (b) in SNF

KOLA, predicates on pairs) and involves isolating those subpredi-
cates that act as unary predicates on just one argument. This nor-
malization is a useful nermmcmr!a step when unary predicates

1A LGAVE Q WS VTSIl Sty p= preaiidits

need to be moved to other parts of the query, as in predxcate push-
down and magic sets rewrites. Because this normalization “sepa-
rates” unary and binary subpredicates, we characterize the predi-
cates that result as being in “Separated Normal Form” or SNF.
The point of this section is to show that COKO transformations
are expressive enough to to be used in place of rules in existing
rule-based systems. We make this point in several ways:

e The SNF normalization is more complex than CNF, even fir-
ing CNF as part of its firing algorithm. Therefore, COKO is
expressive enough to capture complex normalizations.

e SNF is itself fired in the firing algorithms of many transfor-
mations that are not normalizations. These include predi-
cate pushdown (Section 4.3.1), and Magic Sets rewrites (Sec-
tion 4.3.2). These rewrites are expressible in COKO also,
showing that COKO can express a wide variety of complex
rewrites in modular fashion.

e SNF is not usually thought of as a normalization, and as far
as we know has not been expressed before with declarative
rewrite rules. Thus, COKO can express rewrites that are usu-
ally expressed only with code.

4.1

A binary SQL. predicate over arguments x and ¥ is in SNF if it con-
sists of three conjuncts, p, o and T such that p requires only its first
argument, o requires only its second argument, and 7 requires both
of its arguments. For example, Figure 6a shows the SNF equivalent
of the SQL predicates of Figure 1.

For KOLA predicates, the goal of the SNF normalization is to
transform binary predicates into the form,

Definition

(ox & ™) & (ok © 72) & T.

Given any pair argument [z, y]1,{px ® 71) ? [z, y] = px ? =
and therefore py denotes a predicate that requires only the first of
its arguments. (Similarly, ox denotes a predicate requiring the sec-
ond argument.) Figure 6b shows the SNF equivalent of the KOLA
predicates of Figure 2.

4.2 The COKO Transformation for SNF

In this section, we show a COKO transformation (SNF) that con-
verts KOLA predicates into SNF. The transformation has been sim-
plified for presentation, but in its presented form is able to iso-
late conjuncts that name attributes from only one relation (such as
(e.sal + e.Bon) > 100K).



4.2.1 Tracing the Execution

Transformation SNF of Figure 8 consists of the six steps described
below. We demonstrate these steps by showing how this transfor-
mation rewrites predicate p = (Px & Q¢ & Ry) | Sk of Figure 2a.
into the predicate of Figure 6b. Figure 7 shows the parse tree for
this predicate at various stages during the execution of the transfor-
mation. The original predicate tree is shown in Figure 7a.

Step 1: The first step of SNF fires the transformation SimpLits
(Simplify Literals) shown in Figure 9. This reduces subpredicates
of the form p @ f to the forms, p & =1, or p @ w2, if possible.
(Appendix C gives an induction proof showing that SimpLits ac-
complishes this goal for a class of predicates that includes Py, Q«,
Ry, and Sy.) More precisely, SimpLits transforms any qualifica-
tion predicate [16] lacking subfunctions of the form, f o m, to ei-
ther of the forms, p @ w2, or K, (z) (and similarly for predicates
lacking f o w2 as a subfunction).)

SimpLits performs a single bottom-up pass of the input pred-
icate, firing rules s11, ..., s17 on the subtrees rooted at each
visited node. Rules s11, ..., s15 only fire successfully on func-
tion subtrees while s16 and s17 only fire successfully on predicate
subtrees. Because the pass is bottom-up, a predicate of the form,
op @ (F, G) is visited after its subfunctions, F, G and (F, G).

SimpLits transforms Ry (to R2y) and Sy (to S2;) but has no
effect on Py or Qc. In transforming Ri, SimpLits first fires rule
s13 on its subfunction, (Job o w1, Ky {“Mgxr")). generating
(id, K5 (“Mgr”)) o (Job o m). The successful firing of s13
triggers the firing of sft leaving ({id, Ky (“Mgr*)) o Job) o m;.
Finally, rule s16 fires on the entire predicate leaving R2; @ ;.
When fired on Sy, SimpLits first fires s15 on its subfunction

(Sal o 1, Bon o my)

leaving (Sal, Bon) o 1. Then, s13, sft and s16 fire resulting in
82y @ m1. Therefore, the result of firing SimpLits on pis

p1=(Pc & Q & (R% & m)) | (8% & m).

Step 2: Next, transformation CNF of Figure 4 is fired. Applied
to p1, this results in

2= (P | (S2% ® m)) & (Q | (52 & m1)) &
27 ((R2c ® m) | (S ©® m))

as illustrated in Figure 7b.

Step 3: Rule init is fired, appending trivial conjuncts to the
current predicate to trivially convert it to SNF. This sets up Steps
4 and 5 which merges the conjuncts generated in Step 2 with these
trivial conjuncts. Fired on p2, this step results in

p3=(Kp (T) ® m) & (Kp (T) ® m2) & Kp (T) & p2.

Step 4: This step executes the COKO statement,
BU {pull || REPEAT {sftp}},

such that pull and sftp are rewrite rules. pull can only succeed
on disjuncts, while sftp can only succeed on conjuncts. The effect
of calling pull in bottom-up fashion is to “pull” common functions
out of disjuncts. For example, the result of executing pull on p3’s
subpredicate,

(R2y @ m) | (S2x ® m)

is (R2x | S2«) @ m1. Therefore, this step converts disjuncts to the
form p @ m1, or, p @ 72, where possible. The effect of calling

REPEAT{sft} in bottom-up fashion is to make the resulting predi-
cate tree “left-bushy” in preparation for the following step that or-
ders conjuncts. When applied to p3, this results in:

(Kp (T) @ m) & (Kp (T) ® 7m2) & Kp (T) &
(P | (52« ® 1)) & (A | (S2c ®@ ™)) &
((R2k | S2) @ m1)

pPa =

as iltustrated in Figure 7c.

Step 5: This step fires the transformation OrderConjs shown
in Figure 9. This transformation performs a bottom-up pass, firing
rules oct, oc2 and oc3 on subtrees of the form,

pdm)&(gdm)&r&sS

for predicates p, ¢,  and S. Because of steps 3 and 4, the first
subtree visited with this form has p, g and r equal to K, (T), and
S equal to a conjunct from the original predicate. The structure of
of S determines which rule gets fired:

e if S is of the form, s @ 1, then s is merged with p by rule
ocltoform (p & s) & m.

e if S is of the form, s & =2, then s is merged with g by rule
oc2to form (g & s) @ 2.

e if S is of any other form, then it is combined with r by rule
oc3toformr & s.

Therefore, the effect of this transformation is to order the conjuncts
of the predicate produced in Step 4 into a predicate that is in SNF.

Figure 7: Tracing the effects of SNF on the Predicate p of Fig 2a
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TRANSFORMATION SNF
USES
SimpLits, CNF, OrderConjs,

init: p = (Kp (T) @ m) & (Kp (T) @ m2) & Kp (T) & P,
pull: (p@f)|(q@e@f) = (pla &1,
sftp: p & (q & T} = {(p&r1)&gq
simp: Kp (T) & p = p
BEGIN

SimpLits; % (1)
CNF; % (2)
init; % (3)
BU {pull || {REPEAT sftp}}; % (4)
OrderConjs; % (5)
GIVEN (p@® m) & (q@® m) &r DO % (6)

{simp (p); simp (q); simp (r)}
END

Figure 8: The SNF Normalization Expressed in COKO
TRANSFORMATION SimpLits

USES

sft: fo(goh) = (fog)oh
sli: (X (x), K (3)) = Ky (Ix ¥]),
sl2: £ o Ky (x) = Ky {(f!x),
813: (£, K; (x)) = (id, Kf (x)) o §,
sl4: (Ky (x), f) = (Ky (x),id) o £,
s16: (foh,goh) = (f,g)oh,

516: p® (fog) = pofdg
sl7: p @ Ky (x) = Kp (p2?x)
BEGIN

BU {s11 || s12 || {{s13 || s14} — {REPEAT sft}} ||
s15 || 816 || s17 || {REPEAT sft}}

END
TRANSFORMATION OrderConjs
USES
ocl: (p@®m)&(qPm)&r & (s®m) =
(pasjom)a(q@®m)&w,
oc2: (p@mM)&(q@®m)&r&(s®m) =
podm)&((qas)®m)&r,
oc3: (pdm)&(q@®m)&r&s =
(p®m) & (q® m2) & (r & 8)
BEGIN

BU {ocl || oc2 || oc3}
END
Figure 9: Auxiliary Transformations Used by SNF

The effect of this step on pq4 is to transform it to
ps = ((Kp (T) & pi) ® m) & (0 ® m2) & Kp (T) & 7%

such that pg, o and 7y are as defined in Figure 6b.

Step 6: Finally, this step fires the rule, simp to get rid of the
Kp (T) predicates that were added in Step 3. (Note that o of ps
above is not affected by this step.) The effect of this step on ps is to
produce the final KOLA predicate of Figure 6b. (This is illustrated
in Figure 7d.)

4.3 Two Applications of SNF

In this section, we present two COKO transformations that depend
on prior normalization by SNF: predicate pushdown (Section 4.3.1)
and Magic Sets (Section 4.3.2). Space does not permit a full pre-
sentation of these transformations. Instead, we describe the firing
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join (p® m) & (@@ 72) &x, £) ! [A, B]
join (xr, £) ! [iterate (p, id) ! A, iterate (q, id) ! B]

Figure 10: push : A KOLA Rule to Push Predicates Past Joins

algorithms and relevant rewrite rules of these transformations and
refer interested readers to more complete descriptions in [4].

4.3.1 Predicate Pushdown

Figure 10 shows a KOLA rewrite rule that pushes predicates past
joins. This rule identifies predicates in join queries that apply only
to one argument (p and q) and “pushes” them out of the join and
onto the join inputs. This is a useful heuristic as it will usually
result in a join of smaller collections.

This rule will not succeed on every join query for the predicate
used in the join may not be in a form that makes “pushable” sub-
predicates recognizable. For example, if this rule were fired on the
query, join (p, Eno o m;) ! [Emp, Deptk] such that p were the
predicate of Figure 2a, it would fail because this predicate does not
match the pattern, (p ® m1) & (q ® m2) & r. Before this rule is
fired, the predicate argument to join must be normalized into SNF
so that “pushable” subpredicates can be identified. In the case of
the predicate of Figure 2a, normalization into SNF results in the

query,
join ((px ® m1) & (0x @ ™) & Tk, Emp o m1) ! [Emp, Depty]

such that px, ox and 7y are as defined in Figure 6b. Once in this
form, firing push results in,

join (7%, Eno o mp) !
[iterate (pi, id) ! Emp, iterate (o, id) ! Depty].

Note that in this case, ox is Kp (T). Therefore firing a subsequent
rule,
iterate (K, (T), id) ! A = A

would result in the query,

join (7¢, Eno o m;) ! [iterate (pk, id) ! Emp, Deptk].

4.3.2 Magic Sets

The idea behind the Magic Sets transformation for relational queries
{14] is to restrict inputs to joins by filtering those that cannot pos-
sibly satisfy the join predicate. Therefore, this transformation is
very much in the spirit of predicate pushdown, but passing filter
predicates “sideways” from one join input to another, rather than
“down” from the join predicate.

Figure 11 shows the results of applying magic sets transforma-
tions to the SQL and KOLA queries of Figure 5. The SQL query
(Figure 11a) introduces new view definitions, MEmp, MDept and
DSet. (The KOLA analogs to these are MEmpy, MDepty and DSety.)
MEmp and MDept replace Emp and Dept in the original query respec-
tively. MEmp filters employees in Emp for those that are managers
(R). Like Dept,, MDept groups employess in Emp by their depart-
ments before finding the average salary for each department. But
MDept is potentially far more efficient to evaluate than Dept be-
cause MDept only computes average salaries for departments that
have managers in Emp, whereas Dept computed average salaries
for all departments. The filtered set of departments used by MDept
is defined by the (magic) view DSet.

We have deviated from the Magic Sets transformation presented
in [14] in two respects. First, the Magic Sets transformation of [14]



would express DSet as a view over MEmp rather than over Emp to
avoid the redundant work of computing which employees are man-
agers. Second, MEmp would return a relation with attributes, Dno,
Eno, and Sal rather than every attribute of Emp, as the other at-
tributes are not necessary to compute the rest of the query. We ex-
press DSet as a view over Emp to simplify presentation; [4] presents
a COKO transformation that generates DSet properly. The sec-
ond deviation is more problematic to address, for it may require
a COKO transformation to examine an entire query to see which
attributes of Emp are used elsewhere. COKO is not designed to
express this kind of “global” transformation. We have yet to de-
termine whether transformations such as this can be expressed in-
crementally (i.e., by iteratively applying “local” rewrite rules ). We
believe that they can, and note that SimpLits performed a similar
“global” transformation (finding all references in a binary predicate
to one of its inputs). However, we have not yet explored this to any
depth. If such a transformation cannot be expressed with COKO,
we intend to extend the language of firing algorithms so that it can.

The key rewrite rule of the COKO transformation that performs
magic sets is magic, shown in Figure 12. magic assumes that a
predicate argument to a join query has first been normalized into
the form,

(@@ (id x m)) & r.

This isolates the subpredicate, q which relates elements of A and B.
magic then rewrites the query so that q is used to “filter” elements
of B so that only those that relate to some element of A will be in-
volved in the grouping/aggregate computation performed by mnjoin.
This filtering is expressed in the rhs of magic with the subexpres-
sion, join (g, m2) ! [A, B] which performs a right semi-join of
A and B with respect to q. The elements of B that are collected from
this query are then freed of duplicates via a subsequent invocation
of set. In many cases, the semi-join expression can be further sim-
plified (for example, if A = B). Thus, the COKO version of the

select e.Eno
from MEmp e, MDept d
where P AND Q

MDept (Dmo, ASal) =

MEmp = select e.Dno, AVG (e.Sal)
select x*
from DSet d, Emp e
from Emp e
where d.Dno == e.Dno
where R
group by d.Dno
DSet (Dmo) = _ _
select distinct e.Dno P = eDno == d.Dno
Q = eSal > d.ASal
from Emp e R = eJob == “Mqgr "
where R - o gr
(@)

join (P, & Qy, Eno o m;) ! [MEmpy, MDepty]

MEmp, = iterate (R, id) ! Emp
_ njoin (eq @ (m1, Dno o w2z), Sal, avg) !
MDepts = [pSety, Emp]
DSet, = set ! (iterate (R, Dno) ! Emp)
P, = eq® (Dno x m)
Qe = gtd (Sal x m3)
Re = eq® ((id, Ky (“Mgr”)) o Job)

(®)
Figure 11: Queries of Fig 5a and 5b After Rewriting by Magic Sets

join (g ® (id x m)) & r, £) !
[A, njoin (s, g, h) ! [B, C]]

join ((q & (id x m)) & x, £) !
[A, njoin (s, g, h) ! [set ! (join (q, 72) ! [A, B]), C1]

Figure 12 magic: A KOLA Rule to Perform Magic Sets

Magic Sets transformation is quite similar to Pushdown and many
other transformations that implement heuristics, in that it consists
of three high-level steps: (1) Normalize, (2) Apply a “main rule”
(e.g., magic or push), and (3) Simplify.

Below we describe the steps performed by this transformation,
demonstrating their effects on the KOLA query of Figure 5b, and
showing how they result in a rewrite of this query to that shown
in Figure 11b. In practice, translation into KOLA performs view
merging, and therefore the query of Figure 5b would be presented
to the COKO Magic Sets transformation as Qo:

join (P, & Q. & Ry, Eno o m1) !
[Emp, njoin (eq @ (71, Dno o 73), Sal, avg) !
[iterate (K, (T), Dno) ! Emp, Emp]]

such that P, Q; and Ry are as defined in Figure 5b.

Step 1: Normalization and Pushdown The first step of the
transformation normalizes the predicate appearing inside join into
the form,

(& (id x m1)) & r
to prepare it for the magic rule (Figure 12). This normalization
requires three steps:

1. Firing SNF on the join predicate to convert it to the form,
(px ® m1) & (0k ® 72) & Tx.
2. Firing Pushdown on the entire query to push px and o out
of the join (and then simplifying).

3. Firing the transformation SNF2 (not shown) on 7x. SNF2 is
similar to SNF, but rewrites 7 into the form,

(o ® (id x m1)) & (Br & (id x 72)) & Yk.

After these steps, the predicate is easily put into the desired form
by setting g = ax andr = (B & (id x m2)) & ~x. Fired on Qo,
this step returns Q1:

join ((q @ (id x m)) & Q, Eno o my) !
[MEmpx, njoin (eq & (w1, Dno o =w3), Sal, avg) !
[iterate (K, (T), Dno) ! Emp, Emp]]

such that
MEmp, = iterate (Ry, id) ! Emp,
q = eq @ (Dno x id), and
R. = eq® ({id, K5 (“Mgr”)) o Job).

(Note that Py =q @ (id x m1).)

Step 2: Magic Next rewrite rule magic (Figure 12) is fired.
This rule introduces the left join argument (&) into the right-hand
side of the join. This makes it possible to restrict the input (B)
to njoin to elements that are related by q to A. Fired on @1, this
returns Qz:

join ((q & (id x m)) & Q}, Eno o my) !

[MEmpy, njoin (eq @ (w1, Dno o m2), Sal, avg) ! [DSety, Emp])

such that DSety is:
set ! (join (q, m2) ! [MEmpx, iterate (K, (T), Dno) ! Emp]).
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10.

11.

12.

s(e(ti!terate (Kp (T), Dno) ! MEmpy) N (iterate (K, (T), Dno) ! Emp)).

(id x id) = id
p®id = p
K, TV®f = Kp (T)
P&k, (T) = p
foid = £
(fxglo(hxj) = (foh)x (goj)
pOfdg = po(fog)
set ! (join (eq, m3) ! [A,B]) = set! (A N B)

join (p® (f x g), m2) ! [A,B] =
join (p & (id x g), m2) ! [iterate (K, (T), £) ! A, B]

iterate (p, £) ! (iterate (q, g) ! A) =
iterate (q & (p® g), fog) ! A

(iterate (p, £) ! A) N (iterate (q, £) ! A) =
iterate (p & q, £) ! A

njoin (p, £, g) ! [set ! A,B] =
njoin (p, £, g) ! [A, B]

Table 5: Simplification Rules Used After Invoking magic

Step 3: Simplify The last step uses the rules of Table 5 to sim-
plify DSetyx to construct DSet, as defined in Figure 11b. As a
result of firing rule 9, followed by rules 1, 2 and 8, DSetsy gets
transformed into DSeta:

Expansion for MEmpy reveals that rule 10 can be used to combine
iterate functions. Subsequent simplification by rules 3, 4 and 5
leaves DSeta:

set | (iterate (R;, Dno) ! Emp N iterate (K, {T), Dno) ! Emp).

Rule 11 makes the intersection unnecessary, and after a subsequent
firing of rule 4, we get DSety = set ! (iterate (Ry, Dno) ! Emp).
Application of rules 12 and 6 then leave the query (modulo view
merging) of Figure 11b.

5 Discussion

5.1 On the Design and Expressivity of COKO

COKO is still evolving. Our goal is to reach a point with it where
we are able to express all of the useful transformations that can be
expressed in a programming language, without compromising the
separation of query modification (rewrite rules) from firing algo-
rithms. To this end, our design process alternates between modify-
ing the language and using it to express complex transformations.
In this paper, we have presented some of the transformations that
we have generated with COKO including CNF (exhaustive and non-
exhaustive versions), SNF, Pushdown and MagicSets. Aside
from these, we have also implemented (and generalized) the query
unnesting transformations of [11] (modulo their bug fixes) and the
nested object query transformation presented in [S]. Details can be
found in [4]).

Though COKO is evolving, this is not to say that it is imma-
ture. We believe that COKO already provides most of the useful
idioms required to express query rewriting. By combining COKO
statements in varying ways, we are able to express such common
firing algorithms as

e BU {r; || ... || za}: for each node of a tree, fire every
ruler;, ..., ry,onthenode,
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e BU r1; ... BU ry: foreachnule ry, ..., r,, firex;
on every node,
e BU {{REPEAT 11} || ... || {REPEAT r,}}: for each

node of a tree, fire every rule r;, ..., rn repeatedly on

the node until it fails,

e S — S || 8" perform S and then S’ if S succeeded and
S” if it failed, and

e S — recursive fire: perform any statement .S exhaustively.

COKO may yet be extended. We spoke in Section 4 about how we
were unsure if certain global “optimizations” could be expressed
within COKO in its present form. As well, we have found that
many transformations expressed in COKO are similar, perhaps dif-
fering by minor points. For example, transformations SNF and
SNF2 are similar except that the former generates predicates of the
form,
(pr ® ™) & (oOk B 72) & T

whereas the other generates predicates of the form,
(px ® (id x m)) & (ox @ (id x m2)) & Tk

This suggests that a parameterized version of COKO could be a
future direction.

As before, attempts to express transformations drive the design
of the language. Provided that we are able to maintain the separa-
tion of rewrite rules from firing algorithms, we are prepared to let
COKO evolve into a steady and usable state.

5.2 Why COKO?

Why is a new language for expressing transformations necessary?
Why not use C to express transformations as in Starburst?

Languages such as C were designed for much a broader appli-
cation than expressing query transformations. Thus, they provide
expressivity needed for other applications at the expense of under-
standing and reasoning. For example, COKQ transformations are
semantics-preserving if the rewrite rules they fire are semantics-
preserving. To accomplish this, COKO has no assignment state-
ments and instead permits query modification only with rule firing.
Transformations expressed in C might use assignment statements
both to modify a query and to change the position of a cursor within
the query tree. This makes it difficult to identify what parts of the
transformation make changes to query representation, and there-
fore what parts require verification to ensure transformations pre-
serve query semantics. Also, assignment statements are much finer-
grained modification primitives than are rule firings. The changes
made to a query by one rule may have to be expressed with several
assignment statements, each but the last leaving the query in an in-
consistent state. Thus, verification is also complicated by the need
to consider the flow of control of the transformation to determine if
consistent states are revisited once left.

All of this is not to say that correct transformations cannot be
written in C. Of course they can, but incorrect transformations can
be written in C also and discerning between them is difficult. Writ-
ers of COKO transformations have a far easier task as they are us-
ing a language that permits easy identification of proof obligations
(i.e., rules), and can use a theorem prover to help with the task of
proving the rules correct.

5.3 Future Directions

Aside from extending COKO and implementing new transforma-
tions, we are interested in two other directions for this work. First,
we have argued the expressivity of COKO in an informal way (i.e.,
with examples). We would like to explore more formal expressiv-
ity metrics for transformation languages. (Note that expressivity



metrics for query languages are not the same!) We believe that
general-purpose programming languages have more expressivity
than is needed to express transformation. On the other hand, the
meta-rule languages of other rule-based systems such as [15], [1],
and [6] do not give us enough expressive power to implement trans-
formations efficiently. A more theoretical analysis of expressivity
in this context is called for.

A second interesting direction concerns normalization. Nor-
malization gets little attention in the optimizer literature. And yet,
normalization can be more complex, expensive and error-prone than

the optimizations they preceed. (Consider the many erroneous unnest-

ing normalizations for nested queries that have been proposed over
the years.) In the context of object-oriented and object-relational
databases, normalization assumes even greater importance. Firstly,
nested object queries are far more prevalent and can be more deeply
nested than relational queries making their normalization more dif-
ficult and more urgent. Secondly, because many object databases
are built as extensions of existing systems (e.g., object-relational
extensions of relational systems), normalization affords the oppor-
tunity to rewrite complex (e.g., object) queries into a series of sim-
pler (e.g., relational) queries that can be posed of the original query
engine.

6 Conclusions

In this paper, we proposed a language (COKO) for defining trans-
formations: query rewrites for rule-based optimizers. COKO trans-
formations generalize rewrite rules. Like rules, they can be fired
and can succeed or fail as a resuit. But because they are expressed
algorithmically, they are able to express many rewrites (such as
normalizations) that rules cannot.

A COKO transformation consists of a set of rewrite rules and
a firing algorithm specifying how they are fired. The separation of
query modification (expressed with rewrite rules) and firing con-
trol (expressed with firing algorithms) achieves a delicate balance
of understandability, efficiency and expressivity. Rules and trans-
formations must be understandable and able to be reasoned about if
extensibility is to be straightforward. At the same time, they must
be efficient and expressive if rule-based optimizers are to be prac-
tical.

COKO transformations are easily understood because they are
modular; they are built from simpler transformations and declara-
tive rules. Moreover, COKO transformations can be verified as be-
ing semantics-preserving simply by proving the same property of
the rewrite rules are fired. As we showed in [5], KOLA rules can be
verified with a theorem prover. Because of COKO’s language for
expressing firing algorithms, COKO transformations can be made
efficient and expressive. The language for firing algorithms in-
cludes the kinds of operators that are most useful for describing
rewrites. These include explicit rule firing, traversal control, selec-
tive firing and conditional firing. We demonstrated the efficiency
benefits of firing algorithms with an example COKO transforma-
tion that converts predicates to CNF. We demonstrated the expres-
sivity of COKO with numerous examples that typically do not get
expressed with declarative rewrite rules. These examples included
a complex normalization (SNF) and two heuristics that depended
on it (predicate pushdown and Magic Sets transformations).

This work extends and generalizes our KOLA work. KOLA
laid the foundation showing how the choice of query representation
determined the ease with which one could reason about queries.
Whereas KOLA used a modular approach to build queries from
functions, COKO uses a modular approach to build transformations
from rewrite rules. The result is a conceptual hierarchy that facili-
tates the understanding and building of optimizers.
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